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E-mail address: jmkim@cnu.ac.kr (J. Kim).The RNA helicase Rok1 plays a role in rRNA processing and in control of cell cycle progression in Sac-
charomyces cerevisiae. We identiﬁed two upstream open reading frames (uORFs) within the ROK1 50
untranslated region, which inhibited Rok1 translation. Mutating uATG to uAAG or generation of a
premature stop codon in the uORFs resulted in increased Rok1p levels. Rok1 protein levels oscillated
during the cell cycle, declining at G1/S and increasing at G2. The uAAG1mutation caused a constitu-
tive level of Rok1 proteins throughout the cell cycle, resulting in signiﬁcant delays in mitotic bud
emergence and recovery from pheromone arrest. Our study reveals that the Rok1 protein level is
regulated by uORFs, which is critical in cell cycle progression.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
RNA helicases are a large family of proteins exhibiting both ATP
hydrolysis and double-strand RNA unwinding activities [1,2]. It has
become apparent that RNA helicases also displace proteins from
RNA molecules and thereby remodel RNA–protein complexes
[3,4]. RNA helicases play essential roles in many cellular processes
involving RNA metabolism, including translation, pre-mRNA splic-
ing, ribosome biogenesis, RNA transport, and RNA degradation.
Rok1 is a member of the DEAD-box RNA helicase family in Sac-
charomyces cerevisiae [5,6]. Proteins of this family are characterized
by nine conserved motifs that include the amino acid sequence
Asp-Glu-Ala-Asp (DEAD) [3,7]. The human DEAD-box family, com-
prised of 36 members, has been given the abbreviation DDX.
DDX52 is a Rok1 ortholog with 44% identity [8]. A number of re-
ports have revealed that Rok1 is involved in controlling cell cycle
progression and rRNA processing [5,9,10]. Depletion or overexpres-
sion of the Rok1 protein causes cell cycle arrest at the G1/S stage.
Rok1 is essential for the 18S rRNA synthesis and the protein itself
appears to be associated with the 40S pre-ribosomes [11].chemical Societies. Published by E
Microbiology and Molecular
ungnam National University,
blic of Korea. Fax: +82 42 822The translational efﬁciency of eukaryotic mRNAs is often inﬂu-
enced by structural features of the 50 untranslated region (UTR).
Structural features of the 50 UTR that can impact translational efﬁ-
ciency include length, secondary structure, and the presence of up-
stream open reading frames (uORFs) [12–15]. The contributions of
uORFs to translational regulation have been described for a num-
ber of genes including S. cerevisiae CLN3 and GCN4, mouse MOR,
and human bcl-2, BACE1, and p27 [16–21]. In general, eukaryotic
ribosomes scan for AUG codons and initiate translation at the prox-
imal 50 AUG codon according to the scanning model [12,13,22]. The
presence of uORFs frequently decreases the translational efﬁciency
of a downstream main ORF because these uORFs inhibit ribosome
scanning for the downstream main AUG [15,23].
In this study, we showed that two uORFs present in the ROK1 50
UTR were inhibitory to Rok1 translation. Mutations in uORFs re-
sulted in increased Rok1p levels. Our results provide evidence that
translational regulation of the DEAD-box RNA helicase Rok1 is crit-
ical for its functions in regulating cell cycle progression.
2. Materials and methods
2.1. Yeast strains and plasmids
The S. cerevisiae strains and plasmids used in this study are
listed in Table S1. Integration of ROK1-myc or uAAG1-ROK1 into
yeast genome was performed as previously described [24]. Strain
JK406 (ROK1-myc) was derived from JK147 by use of a 3 kilobaselsevier B.V. All rights reserved.
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inserted at the ROK1 50 UTR as well as the myc-tagged N-terminal
region of ROK1. URA3 was removed by culturing in 5-FOA media.
For construction of the uAAG1 strain (JK407), a 1.7-kb URA3-
uAAG1-ROK1-myc cassette was PCR ampliﬁed from plasmid
pJI376 using primers R443 and R840 (Table S2). The resulting
PCR product was transformed into the JK406 strain, and URA3
was removed by culturing in 5-FOA media. The presence of the
myc epitope tag or uAAG1 mutation was conﬁrmed by DNA se-
quence analysis of PCR ampliﬁed fragments.
2.2. Site-directed mutagenesis
To generate the uAAG and premature stop codon mutations, a
set of four primers was designed for each mutation, and PCR muta-
genesis was carried out as previously described [6]. To generate the
uAAG mutations, the following primers were used as mutagenic
primers: R442 and R443 for uAAG1, R444 and R445 for uAAG2,
R775 and R776 for uAAG1,2. The ﬁnal PCR products were used to
replace the EcoRI-SalI fragment of pJI244 to generate pJI248,
pJI249, and pJI250, respectively. To generate the uORF premature
stop codon mutation, the following primers were used as muta-
genic primers: R896 and R897 for uATG1-S, R922 and R923 for
uATG2-S, R926 and R927 for uATG1,2-S. The presence of the muta-
tions was conﬁrmed by DNA sequence analysis.
2.3. Cell cycle analysis
Strains were grown to early-exponential phase in SC medium
and then treated with 5 lM a-factor for 2 h to allow cell synchro-
nization in G1 phase. Cells were subsequently washed twice with
pre-warmed media and then resuspended in pre-warmed media
to allow cell cycle progression. Budding index (Nbudded/Ntotal) was
measured as previously described [25]. Cells with visible buds
were counted; for each case, at least 200 cells were counted. For
evaluating budding index during release from stationary phase,Fig. 1. Analysis of the ROK1 50 UTR. (A) Structures of the ROK1 50 UTR. The transcription s
indicated with boxes. uORF1 is underlined; uORF2 is dotted underlined. (B) Mapping the 5
the extended product in the ROK1 sequence. Twominor bands were non-speciﬁc because
context of upstream and authentic ROK1 AUGs as compared with the Kozak sequence. A
bold. The most conserved nucleotides, R at 3 and G at +4, are shown in circles.cells were grown in SC media for 2 days (OD600 = 5.0) and then
inoculated into fresh media to allow release from G1-arrest.
2.4. Primer extension
Total RNA was isolated with the RNeasy kit (QIAGEN). A ROK1
gene-speciﬁc primer R19 (50 pmol) was end-labeled with 50 lCi
of [c-32P]ATP by using T4 polynucleotide kinase (New England Bio-
labs) and hybridized to 50 lg of total RNA. Primer extension reac-
tions were performed using 50 units of AMV-reverse transcriptase
(Roche). Sequencing reaction was carried out using Sequenase
(version 2.0).
2.5. mRNA quantiﬁcation by real-time PCR
Total RNA was prepared with TRIzol (Invitrogen) according to
the manufacturer’s instruction. Residual DNA was removed by
DNase I (RQ1 RNase-free DNase, Promega) treatment and cDNA
synthesis was performed using oligo dT and TOPscript™ cDNA syn-
thesis kit (Enzynomics). Quantiﬁcation of the ROK1 mRNA levels
was performed by real-time PCR using SYBR green dye. All values
were normalized to the level of ACT1 mRNA. ROK1 gene-speciﬁc
primers (R1052 and R1053) and ACT1 gene-speciﬁc primers
(R1054 and R1055) were used to amplify a 92-bp fragment of
the ROK1 coding sequence and 100-bp fragment of the ACT1 coding
sequence, respectively.
3. Results
3.1. ROK1 50 UTR contains two uORFs
Previous studies have shown that ROK1 expression is regulated
at the posttranscriptional level [26]. The KEM1/XRN1 gene which
encodes a multifunctional protein with a 50–30 exoribonuclease
and microtubule-binding activities participates in this regulation
[27–29]. When the 50 upstream sequence of the ROK1 ORF wastart site is indicated by the arrow at 148. The uORF initiation and stop codons are
0 end of the ROK1 transcript by primer extension. The arrow indicates the position of
they were also detected in PGAL-ROK1 (pJI251, Fig. S1) (data not shown). (C) Sequence
UGs are underlined. Nucleotides that match the Kozak sequence are represented in
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dependent expression of ROK1 was eliminated (Supplementary
Fig. S1). To analyze sequence elements in the 50 UTR of ROK1, we
ﬁrst mapped the major start site by primer extension (Fig. 1).
The 50-end of the ROK1 transcript is located at position 148 rela-
tive to the translation initiation codon. Sequence analysis of the
ROK1 50 UTR revealed the presence of two uORFs that start from
positions 104 and 99 of the ROK1 main ORF. The uORF1, con-
taining 41 codons, overlaps out of frame with both the smaller
uORF2 and the ROK1 ORF.
In eukaryotes, the consensus sequence surrounding the transla-
tion start codon is known as the Kozak sequence (GCCA/GCC-
AUGG), and the most critical nucleotides within this sequence
are the purine at position 3 and the G at position +4 [22,30].
The sequences surrounding the AUG of the main ROK1 ORF per-
fectly aligned with the Kozak sequence whereas the sequences sur-
rounding AUGs of uORF1 and uORF2 are in weaker alignment
(Fig. 1C).
3.2. uORFs are inhibitory to ROK1 expression
To determine the inﬂuence of the uORFs in the Rok1 protein
synthesis, we constructed a series of plasmids containing point
mutations in each uATG (ATG? AAG) (Fig. 2A). The uAAG1 and
uAAG1,2 mutations resulted in a signiﬁcant increase in Rok1p lev-
els, as observed by Western blot analysis (Fig. 2B). A minor in-
crease in Rok1p levels was observed with the uAAG2 mutation.
Analysis using b-galactosidase reporter constructs showed similarFig. 2. Mutational analysis of the ROK1 uATGs reveals that uORFs inhibit expression
of the main coding region. (A) Schematic representation of uATG inactivated
mutant (uAAG) constructs. (B) Western and RT-PCR analysis of wild-type and uAAG
mutant constructs. Plasmid pJI244 (ROK1), pJI248 (uAAG1), pJI249 (uAAG2), or
pJI250 (uAAG1,2) was introduced into the wild-type (JK147) strain. Rok1p levels in
these strains were detected using monoclonal anti-c-myc antibodies. mRNA levels
in the same samples were analyzed by RT-PCR. (C) b-galactosidase activities of
ROK1-lacZ and ROK1uAAG-lacZ. Wild-type strain (JK147) carrying wild-type ROK1-
lacZ (pJI348), ROK1uAAG1-lacZ (pJI349), ROK1uAAG2-lacZ (pJI350), or ROK1uAAG1,2-
lacZ (pJI351) was analyzed for b-galactosidase activity. The averages and standard
deviations of b-galactosidase activity from multiple independent transformants of
each mutant plasmid are shown. Relative unit represents the fold ratio relative to
the b-galactosidase activity of wild-type ROK1-lacZ.effects of the uAAG mutations (Fig. 2C). Compared with the wild-
type ROK1, the uAAG1 and uAAG1,2 mutations led to increases in
b-galactosidase activities by 2.8 and 3.1 fold, respectively. The
uAAG2 mutation caused a 1.7-fold increase. These results imply
that the uORFs in the ROK1 50 UTR inhibit translation of the down-
stream ROK1 ORF.
To further conﬁrm the inhibitory roles of the ROK1 uORFs, addi-
tional mutant constructs containing a premature stop codon in the
uORF were generated (Fig. 3A). The uATG1-S mutation, which has
an A? T substitution (AGA? TGA) immediately after the uATG1
codon, resulted in a signiﬁcant increase in Rok1p level (Fig. 3B).
Analysis using b-galactosidase reporter constructs revealed a 2.0-
fold increase in the level of Rok1p when compared with the
wild-type (Fig. 3C). The uATG2-S mutation showed no apparent ef-
fect. Based on these ﬁndings, we propose that recognition of the
uATG1 initiation codon followed by translation of the uORF1 se-
quence is important for the inhibitory role of the ROK1 uORF1.
3.3. uORF1 mediates cell cycle-regulated expression of Rok1 protein
We reported previously that the ROK1 expression level affects
cell cycle progression [5,6,10]. Disruption or overexpression of
ROK1 causes cell cycle arrest at G1/S. To investigate whether
ROK1 expression is regulated during the cell cycle, we monitored
Rok1 protein and transcript levels in synchronized cultures. A
wild-type strain was arrested in G1 phase by a-factor treatment.Fig. 3. Analysis of premature stop mutations in ROK1 uORF. (A) Schematic
representations of uORF-stop mutant constructs. ‘s’ indicate the base substitution
mutations in uORFs, which result in TGA stop codons. (B) Western and quantitative
real-time PCR analysis of wild-type and uORF-S mutant constructs. Plasmid pJI244
(ROK1), pJI358 (uATG1-S), pJI359 (uATG2-S), or pJI360 (uATG1,2-S) was introduced
into the wild-type (JK147) strain. Rok1p levels in these strains were detected using
monoclonal anti-c-myc antibodies. Relative mRNA levels were determined as the
ratio ROK1/ACT1 as described in Materials and Methods. The error bars indicate the
standard errors of duplicate real-time PCR of three independent cDNA reactions. (C)
b-galactosidase activity of ROK1-lacZ and ROK1uORF-S-lacZ constructs. Wild-type
strain (JK147) carrying either a wild-type ROK1-lacZ (pJI348), ROK1uATG1-S-lacZ
(pJI370), ROK1uATG2-S-lacZ (pJI371), or ROK1uATG1,2-S-lacZ (pJI372) was analyzed
for b-galactosidase activity. The averages and standard deviations of b-galactosi-
dase activity from multiple independent transformants of each mutant plasmid are
shown. Relative unit represents the fold ratio relative to the b-galactosidase activity
of wild-type ROK1-lacZ.
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cally and used for protein and RNA analysis as well as microscopic
analysis of cell morphology. We found that Rok1 protein levels
oscillated through the cell cycle, declining in G1/S phase and then
increasing during S/G2 phase (Fig. 4A). ROK1 transcripts remained
at a similar level throughout the cell cycle.
We next analyzed the role of uORF1 in regulating cell cycle-
dependent ROK1 expression. The uAAG1 mutation in the uORF1 re-
lieved the repression of Rok1p synthesis at G1/S phase, resulting in
a constant level of Rok1p throughout the cell cycle (Fig. 4B). From
these results, we propose that the down-regulation of Rok1 protein
synthesis at G1/S phase is mediated by uATG1-dependent
inhibition.
3.4. Mutations in uATG1 cause a delay in G1/S progression
We further investigated whether the Rok1 protein level oscillat-
ing throughout the cell cycle is critical for cell growth or cell cycleFig. 4. Cell cycle-dependent expression of Rok1 protein. (A) Rok1 protein proﬁles
during the cell cycle. Cells carrying the ROK1-myc plasmid (pJI244) were arrested in
G1 by a-factor treatment and then released from G1 arrest by resuspending in fresh
media. Samples were collected periodically, and their cell morphology (microscopic
analysis) and Rok1 protein levels (Western analysis) were analyzed. Rok1p levels
were normalized against tubulin protein levels. ROK1 transcript levels from the
same samples were analyzed by quantitative real-time PCR. Relative ROK1 mRNA
was presented as the ratio ROK1/ACT1. (B) Rok1 protein proﬁles from cells carrying
the uAAG1 mutant plasmid (pJI248).progression. The uAAG1mutant strain that shows a constitutive le-
vel of Rok1p appeared to have a normal growth rate as measured
by the colony size (Fig. 5A). However, the fraction of budded cells
(budding index) in the mid-exponential phase was much lower in
the uAAG1 mutant strain than the wild-type (Fig. 5B). This pheno-
type became more severe when the uAAG1 mutation was on a
high-copy number plasmid. The relative budding index of uAAG1
or high-copy uAAG1 was 0.89 or 0.8, respectively, when compared
to the wild type. These results suggest that the inability to down-
regulate the Rok1p level at G1/S, which was caused by the uAAG1
mutation, affected the bud emergence in mitotically growing cells.
Bud emergence in the pheromone-arrested or stationary cultured
cells was also signiﬁcantly delayed in uAAG1 and high-copy uAAG1
cells (Fig. 5C and D). After 30 min of release from a-factor arrest,
the uAAG1 mutation showed the relative budding index of 0.7. In
the case of a stationary culture, the relative budding index of
uAAG1 was 0.82 after 90 min of release. Based on these results,
we propose that the Rok1p level, declining at G1/S, inﬂuences
G1/S progression and recovery from pheromone-mediated cell cy-
cle arrest or the stationary phase.4. Discussion
While signiﬁcant research efforts have focused on understand-
ing the structures and cellular functions of RNA helicases, very lit-
tle is known about the gene expression regulation for members of
the RNA helicase family. In this study, we identiﬁed two uORFs
within the ROK1 50 UTR that inhibited translation of ROK1 mRNA.
Mutating uATG1 and uATG2 to AAG, either singly or together, re-
sulted in an increased level of Rok1p without altering transcript
levels.
The inhibitory roles of uORFs in translation of downstream
main ORFs have been widely investigated in yeast and mammalian
systems [12,13,16,31,32]. Some mechanisms by which uORFs par-
ticipate in translational control include leaky scanning for a start
codon followed by reinitiation of translation, ribosome stalling,
and uORF-triggered mRNA decay [12,18,31]. For example, in the
case of the S. cerevisiae GCN4 gene, ribosomes translate the ﬁrst
uORF under all conditions. They then reinitiate translation down-
stream either at another uORF start codon or at the GCN4 start co-
don [33]. A similar mechanism has been described for the human
ATF5 transcription factor and the Her-2 receptor [32,34].
The sequences surrounding the ATG codons of uORF1 and
uORF2 were in relatively weaker alignment with the Kozak se-
quence when compared to the main ROK1 ORF. These sequence
parameters may imply inefﬁcient recognition of uAUG1 and
uAUG2 by the 40S scanning subunit. Analysis of uAAG mutations
and premature stop codon mutations in the ROK1 uORFs demon-
strate that uORF translation is essential for inhibition of ROK1
expression. We hypothesize that scanning ribosomes can bypass
the uAUGs, which lead to ROK1 translation. However, under a cer-
tain condition, the uORFs are read by ribosomes, which is inhibi-
tory to the translation of the main ORF. It is likely that this
inhibitory mechanism contributes to the Rok1p level declining at
G1/S of the cell cycle.
A few of cell cycle regulatory proteins have been described that
are under uORF-mediated translational regulation. These include
yeast cyclin Cln3 and mammalian CDK inhibitor p27 [16,21]. The
presence of the uORF in the CLN3mRNA regulates the timing of cell
division during slow growth conditions. Analysis of cell cycle-
dependent expression of ROK1 provided additional evidence for a
cell cycle regulatory gene with the inhibitory uORFs. The cellular
phenotypes of the uAAG1 mutant strain include a delay in bud
emergence during mitotically growing cells or during release from
G1 arrest. The decline in Rok1p levels at G1/S, which is mediated
Fig. 5. Analysis of uAAG1mutant strain in cell cycle progression. (A) Growth phenotypes of uAAG1. Wild-type (JK406), uAAG1mutant strain (JK407), and uAAG1mutant strain
carrying uAAG1 high-copy plasmid (pJI253) were streaked onto SC plates and incubated at 30 C for 2 days. (B) Budding index (BI, Nbudded/Ntotal) of mitotically growing cells.
The same strains used in (A) were grown to exponential phase in SC media. Relative BI represents the fold ratio relative to the budding index of wild-type ROK1 strain. (C)
Budding index after release from a-factor arrest. Time points after release were shown in minutes. (D) Budding index after release from stationary culture.
S. Jeon, J. Kim / FEBS Letters 584 (2010) 4593–4598 4597by inhibitory roles of ROK1 uORF, appeared to be important for G1/
S progression. Recent work has shown that ribosome biogenesis is
sensed at the start of the cell cycle [3,35]. It is also suspected that
the level of Rok1p, which is involved in rRNA processing, might be
crucial for ribosome biogenesis at the start of the cell cycle.
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